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Abstract
Silicon carbide (SiC) is widely used in many fields due to its unique properties.
Bulk SiC normally has a flexural strength of 500 – 550 MPa, a Vickers hardness of ~27
GPa, a Young’s modulus of 380 – 430 GPa, and a thermal conductivity of approximately
120 W/mK. SiC fibers are of great interest since they are the good candidates for
reinforcing ceramic matrix composites (CMCs) because of the weavability and high
temperature strength of about two to three GPa at about 1000 °C. Silicon carbide fibers
have been synthesized from polycarbosilane (PCS) with ~25 μm diameter using the meltspinning method, followed by the curing and pyrolysis. In order to fabricate SiC fibers
with small diameters, electrospinning method has been studied. The electrospinning
technique is notable in that the fiber diameters can be controlled over a scale of
nanometers to micrometers by controlling the processing parameters. However, there
have only been limited studies of synthesis of silicon carbide fibers from polycarbosilane
by electrospinning method. Moreover, there is no previous report for tensile strength
testing of SiC fibers synthesized by electrospinning. The main objectives of this thesis are
to study these problems.
In this study, SiC fibers were obtained from polycarbosilane solutions using
electrospinning method. In these solutions, dimethylformamide (DMF) and xylene were
used as the solvents. The spinnability of the solutions was studied at different
polycarbosilane concentrations, as were the ratios between DMF and xylene. The
influence of electrospinning parameters such as voltage, flow rate and volume ratio of
solvent on fiber diameter were studied. It was found that a minimal DMF content was
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required for the solutions to be spinnable for each PCS concentration. However, DMF
content could not exceed 40% of the solvent volume, otherwise PCS could not be
dissolved. The fiber diameters increased with increasing flow rate, and slightly decreased
with increasing applied voltage. It was observed that pores on fiber surfaces, which have
not been reported before. A higher density of pores resulted from higher environment
humidity. The pore formation mechanism is hypothesized to be caused by the water
vapor diffusing into the jet surface since DMF and water are miscible. A phase separation
was caused by this diffusion process, since PCS could not be dissolved in either DMF or
water. The obtained green fibers were then thermally cured in air and pyrolysized under
argon. It was found in this thesis that the optimal curing temperature was between 250
200 to 350 ºC. Below 200 ºC, oxygen could not effectively react with the green fibers,
while above 350 ºC, the green fibers began to decompose. The pyrolysis process was
studied from 1000 to 1600 °C. The SiC fibers had the microstructure of dense inner core
with porous outer surface. The pyrolysis has an optimal temperature range of ~1000 to
1100 °C. Above 1100 °C, the surface pores became more evident due to the
decomposition of SiC xOy phase. Above 1500 °C, the SiC xO y phase substantially
decomposed, resulting in exaggerated SiC grains on the fiber surface. The mechanical
properties of the SiC fibers were characterized using the single filament tensile test. The
tensile strength of the obtained fibers showed ~ 1.2 GPa between 1000 and 1100 ºC.
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CHAPTER 1
INTRODUCTION TO SILICON CARBIDE FIBERS
1.1. Background
1.1.1. Introduction to silicon carbide fibers
Silicon carbide (SiC) has excellent mechanical properties such as high hardness
(27 GPa), Young’s modulus (380 – 430 GPa), flexural strength (500 – 550 MPa), and
high wear resistance (1 × 10 -9 mm2/kg) compared to alumina and boron carbide1.1. Due to
these properties of SiC, it can be used for many applications. Its hardness and wear
resistance make SiC ideal for abrasive machining, such as grinding, honing, and sand
blasting1.2, 1.3. SiC can also be used at high temperatures ranging from 1000 to 1800 °C
due to its high temperature strength (2 – 3 GPa at about 1000 °C) and low thermal
expansion coefficient (4.0 × 10−6/K) 1.3, 1.4. In addition, SiC is a candidate for electronic
devices such as high power switching, high-voltage light-emitting diodes and wafers1.5,
1.6

.
SiC fibers have aroused great interests for their use as reinforcement materials for

high-temperature ceramic composites, high-temperature filters1.7, gas-fueled radiation
heaters1.8, diesel particulate filters (DPFs)1.9, 1.10, and ceramic fiber separators1.11 due to
their knittability, temperature resistance and mechanical tensile strength (> 1.5 GPa).
Nowadays SiC fibers are generally produced from the pre-ceramic polymer,
polycarbosilane. In this chapter, an introduction of polycarbosilane and SiC fiber
fabrication process is given.
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1.1.2. Introduction to a pre-ceramic polymer — polycarbosilane
Pre-ceramic polymers are those that contain ceramic chemical structure which can
be converted to ceramic phases after heat treatment 1.12. The process that polymer
precursors to ceramic materials has been largely studied due to its advantages such as the
availability that could be spun into fibers, the requirement for low conversion
temperature, and achievability that could be added into bulk materials to form composite
materials1.13. Many ceramic fibers such as silicon carbide and silicon nitride have been
successfully synthesized from pre-ceramic polymers1.13. Yajima et al. first demonstrated
that a pre-ceramic polymer — polycarbosilane (PCS) could be used to synthesize finediameter SiC fibers (diameter about 20 μm) with high tensile strengths (1.7 GPa)1.14.
In Yajima’s work, the molecular weight of PCS measured by the vapor pressure
osmometry method in benzene solution was ranging from 837 to 1537 1.15. The structure
of PCS found using the Nuclear magnetic resonance (NMR), ultraviolet (UV) and
Infrared spectra (IR) showed that polycarbosilane molecules had three major structure
elements, they were: SiC4, SiC3H and SiC xSi4-x (x = 1, 2 or 3)1.16. The molecular shape of
PCS was planar with linear structure and branched chains1.16. The two molecules, SiC3H
and SiC xSi4-x, could react with oxygen during curing process to form silicon oxygen
bonds. Thus, the number of these two was important for the subsequent heat treatment to
obtain SiC fibers1.15. The following sections will discuss Yajima’s method of synthesis of
silicon carbide fibers by melt spinning from polycarbosilane.
1.2. Synthesis of silicon carbide fibers from polycarbosilane
Continuous SiC fibers could be fabricated using the melt spinning method.
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Yajima et al. first demonstrated that polycarbosilane (PCS) could be used to fabricate
fine-diameter SiC fibers (diameter about 20 μm) 1.14. In their study, polycarbosilane
(molecular weight 873–1537) synthesized from the thermal decomposition of
polydimethylsilane was first melt-spun at temperatures ranging from 270 °C to
350 °C1.17. The as-spun fibers were cured at a heating rate of 30 °C/h to 190 °C for 30
min under air 1.17. The cured fibers were then treated in the follow-up high-temperature
pyrolysis at 1300 °C or below, for 60 min at a heating rate of 100 °C/h in a vacuum or a
nitrogen atmosphere1.17, 1.18. The resulting continuous SiC fiber, which was a cohesion of
β-SiC crystallites, had the highest tensile strength, 1.75 GPa and the highest Young’s
modulus, 147 GPa1.14.
1.2.1. The curing process of as-spun fibers
The curing process of the PCS was carried out by heat treatment in air to render
the polymer precursor infusible property prior to the conversion process of PCS to an
inorganic state. The as-spun fibers were cured at a heating rate of 30 °C/h to 190 °C for
30 min under air1.14, 1.18. After curing, the weight gain was about 7.5% according to the
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves1.17.
After the pyrolysis process, the weight residue of the cured fibers was higher than those
without curing, which indicated that cured fibers had higher ceramic yield 1.18. During
curing, the exothermic reactions started at about 150 °C, at which the weight gain
occurred according to the TGA and DTA curves. The chemical analysis indicated that the
weight gain was the oxidation bridging of PCS 1.17. During oxidation of PCS, the infra-red
(IR) spectra showed the intensity of the absorption bands of PCS at 2950, 2900 (C-H
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stretching), 2100 (Si-H stretching), 1400 (CH2 deformation of Si-CH3), 1250 (Si-CH3
deformation) and 820 cm-1 (Si-C stretching) decreased, which indicated the
decomposition of side groups in PCS1.19 . While a 3680 cm-1 band (O-H stretching) and a
1710 cm-1 band (C=O stretching) occurred, as well as an increase of 1100 cm -1 (Si-O
stretching in Si-O-Si and Si-O-C) bands, which illustrated the oxidation bridging
reactions1.19 . Thus, the mechanism for curing of PCS according to the IR spectroscopy
results was that the unstable bonds such as Si-H, Si-Si and C-H were thermally
decomposed to form Si-O-Si bonds, with a smaller number of Si-O-C bonds, Si-OH and
C=O bonds1.20.
1.2.2. The pyrolysis process of cured fibers
During the subsequent pyrolysis process, organic molecular structures were
converted to inorganic SiC. The cured fibers were heat-treated up to 1300 °C, for 60 min
at a heating rate of 100 °C/h in a vacuum or nitrogen flow atmosphere 1.17. The pyrolysis
process had three stages, which were, from low to high temperature, condensation,
thermal decomposition, and crystallization1.14, 1.18. The first stage – condensation occurred
at temperature below 550 °C, which was mainly because of dehydrogenation 1.17 . Figure
1.1 shows the IR spectrum of PCS heat-treated to various top temperatures (400 °C to
1400 °C). The absorption intensity at Si-H stretching (2100 cm-1) decreased as the
temperature went up to 500 °C, which indicated that the breakdown of the Si-H bonds
happened below 500 °C1.17. In addition, the peak intensities of the C-H (2950 and 2900
cm-1) bonds, CH2 deformation (1400 cm-1), Si-CH3 deformation (1250 cm-1), Si-CH3
rocking, and Si-C stretching (820 cm-1) decreased when the temperature increased1.17.
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This indicated that carbon and hydrogen was released from the PCS in the form of CH 4
and H21.17, 1.18. In the second stage – thermal decomposition, at the temperature from 550
to 850 °C, the side chains such as Si-H, Si-CH3, and C-H in Si-CH2 -Si, were decomposed
to continue to release hydrogen and hydrocarbon gases1.17. At 700 °C, the Si-H and SiCH3 peaks were almost annihilated1.17. From 800 °C to 900 °C, the absorption intensity
corresponding to Si-CH2 -Si decreased and a new absorption peak appeared at 1090 cm-1 ,
which was related to the Si-O stretching1.17. In the third stage – crystallization, which
was above 850 °C, the Fourier Transform Infrared Spectroscopy (FTIR) spectrum
showed appearance of peaks at 820 cm-1 (Si-C), 460 cm-1 (Si-O-Si deformation), and
1080 cm-1 (Si-O stretching) with the increase of temperature1.17,

1.18

. The pyrolysis

process was almost completed between 850 °C and 1200 °C 1.18. As the temperature
increased, the absorption bands at 1080 cm-1 (Si-O) and 820 cm-1 (Si-C) separated away,
as shown in Figure 1.1 1.17. The absorption peaks at 1080 cm-1 and 460 cm-1 showed that
SiO2 was a minor phase1.21. Thus, after all these three stages, the organic molecular PCS
was converted to an inorganic structure. In order to determine the exact chemical
structure, the X-ray diffraction (XRD) was utilized.
The corresponding XRD traces are displayed in Figure 1.2 1.18. It showed that at
temperature below 1200 °C, the sample was amorphous1.18 . At 1100 °C, the broad
diffraction peak of (111) showed the onset of crystallization. After pyrolysis at 1200 °C,
the XRD pattern showed major peaks at 2θ = 36, 60, and 72° corresponding to the (111),
(220) and (311) diffraction lines of β-SiC1.18, 1.22. The transmission electron diffraction
patterns of PCS pyrolyzed at 1200 °C confirmed a considerable content of the β-SiC
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phase1.18. At this temperature, an exothermic peak was also observed in the differential
thermal analysis (DTA), confirming the crystallization of β-SiC1.18.

Figure 1.1: The chemical structure change of cured PCS during pyrolysis. Infrared
spectra of PCS-470 heated from 400 °C to 1400 °C1.17. Decomposition of side groups
(C-H, Si-CH3 , Si-H, etc.) occurred as temperature increased. Si-O and Si-C bonds
remained at temperatures above 1000 °C.
(Printed without permission)
In addition, a broad peak appeared at 2θ =26° resembling the (101) line of αcristobalite, indicating the presence of micro-crystalline silica1.18,
corresponded to the SiO4 units found in the

29

1.22,

1.23

. This

Si NMR results and suggested the

occurrence of phase separation of silica from the SiO xCy phase1.22, 1.23. Free carbon was
believed to exist inside of SiO xCy phase according to the

13

C NMR spectra1.22. At

temperatures above 1200 °C, the ɑ-cristobalite phase was annihilated. This was because
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of the reaction between silica, excess carbon, and SiC, which formed SiO and CO
gases1.24. The overall reactions were illustrated as follow1.23, 1.24:
2SiO2 (s) + SiC (s) = 3SiO (g) + CO (g)

(1)

SiO (g) + 2C(s) = SiC (s) + CO(g)

(2)

Figure 1.2: X-ray diffraction traces of PCS heated in a vacuum atmosphere1.18.
PCS structure changed from an amorphous phase to
crystalline as the temperature increased.
(Printed without permission)
1.3. Mechanical properties of silicon carbide fibers
At least ten fibers with diameter larger than 25 μm were carried out for the
mechanical tests1.17. Cured fibers were heat-treated in a nitrogen flow or in vacuum at the
temperature range from 400 to 1300 °C, as shown in Figure 1.3 1.17. The decrease in
tensile strength started at about 1200 °C, showing that the crystallization of β-SiC with an
increase in temperature. The tensile strength continued to decrease with the grain growth
of β-SiC above 1200 °C1.17. Yajima et al. found that the tensile strength was related to the
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amount of excess carbon and the molecular weight of the PCS precursor 1.17. A small
number of excess carbon and high molecular weight PCS tended to result in high tensile
strength PCS after heat treatment 1.17.

Figure 1.3: SiC fiber shows excellent high temperature strength. The average
tensile strength of PC-470 fibers (• in an N2 flow; º in a vacuum) and of
PC-TMS fibers (black triangle in an N2 flow; white triangle in a vacuum)
heat-treated to various top temperature after cured1.14.
(Printed out without permission)
Ichikawa et al. investigated the influence of oxygen introduction during the curing
process on the mechanical properties of SiC fibers1.19. He found that the oxygen content
indeed influenced the tensile strength of SiC fibers, but not very much. Moreover, from
his results, it was not possible to see how the oxygen content affected the tensile strength.
However, he found that higher oxygen introduction tended to decrease Young’s modulus.
For both tests, he did not mention the mechanism for the oxygen effects. One of the aims
of this work is to study the influence of oxygen content on the tensile strength of SiC

8

fibers.

1.4. Research purpose
Although many researchers had successfully synthesized SiC fibers from PCS
using the melting spinning method, the diameter of SiC fibers was about 20 μm. One of
the most widely applications of SiC fibers is the reinforcement for composite materials.
For this purpose, fibers with smaller diameter and relatively high tensile strength (e.g. > 1
GPa) are much more desirable. In order to reduce the diameter of SiC fibers so that they
will be more flexible and result in more crack deflection interfaces as well,
electrospinning method is selected in this research. The research outlined here seeks to
fabricate SiC fibers with high tensile strength from PCS using the electrospinning
method. In this thesis, the electrospinning conditions were studied and presented in
Chapter 3. We observed surface pores on the fibers’ surface, which had not been studied
before. The hypothesis of the voids formation mechanism is also given in Chapter 3. The
studies of curing and pyrolysis processes as well as the optimized heat treatment
conditions are given in Chapter 4. In the last chapter, the processing factors that affect the
mechanical property are discussed.
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CHAPTER 2
INTRODUCTION TO THE SYNTHESIS OF SILICON
CARBIDE FIBERS BY ELECTROSPINNING METHOD
Electrospinning is a fiber fabrication method using electrical fields to stretch
spinnable jets from polymer solutions2.1, 2.2. It has been used as a versatile technique of
fiber fabrication for fiber materials such as polymers and ceramic fibers2.2,

2.3

. Many

polymers have been successfully electrospun from solutions into fibers2.2-2.9. Some of
these polymers can even be electrospun into nanofibers2.6-2.9. The process does not
require a coagulation reaction or high temperature spinning conditions, which are usually
required for wet and melt spinning. Although electrospinning is a relatively simple
process, many parameters may influence the quality of the fibers. The important factors
that affect fiber formation are: (a) the electric field, (b) surface tension, (c) the fluid
feeding rate, (d) the viscosity and (e) the relative humidity2.2, 2.3. In the electrospinning of
SiC fibers, SiC fibers with an intermediate fiber diameter ranging from several hundred
nanometers to micrometers will lead to new fields of application, such as inorga nic
membranes and composites2.10 .
In order to use electrospinning method to fabricate SiC fibers from PCS, the setup
and the parameters of electrospinning system are discussed in the following sections. In
addition, the common techniques that are applied to fabricate SiC fibers using
electrospinning are also reviewed.
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2.1. Electrospinning device system
The electrospinning system commonly has three components: a high-voltage
power supply, a fluid-feeding device, and a collector 2.2, 2.11, 2.12, as shown in Figure 2.12.4.
A syringe with a metallic needle is placed on a syringe pump. A collector that is fixed a
certain distance away from the needle has a controller to control the rotation speed. A
high-voltage power supply which is connected to the needle is used to create an
electrically charged jet from the polymer solution2.2-2.5. One electrode connected to the
needle has the function of applying electrical force to the polymer solutions 2.2-2.5. The
other is attached to the collector to guide fibers flying towards the collector 2.2-2.5. In most
cases, the collector is simply grounded. During the spinning process, the charges in the
solution are activated by the applied electrical forces2.11,

2.12

. When the electric force

overcomes the surface tension, the polymer solution will emerge from the needle to form
a cone known as Taylor cone, from which the jet continues to be stretched and
accelerated by the electric forces2.2. When the jet is flying towards the collector, a
bending instability driven by the Coulomb force triggered by the repulsion between the
charges carried by the jet may occur and cause every part of the jet to grow longer
continuously until it reaches the collector2.11, 2.12. Because of the bending instability, the
jet develops and grows into spiraling loops. Each of these loops makes jet become thinner
and longer2.2,

2.11

. Some researchers have found that a negative potential was able to

narrow fiber diameters down because electrons could be dispersed more rapidly and
uniformly than they could be with positively charged ions2.4.
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Figure 2.1: An example of a common eletrospinning device system2.4.
The system consists of a power supply, a syringe pump and a collector.
(Printed without permission)
2.2. Parameters of electrospinning system
Many parameters of electrospinning system can affect the fiber formation and
morphology. These factors include the solution viscosity, surface tension, applied electric
field (or voltage), flow rate and relative humidity2.1, 2.2, 2.11, 2.12.
Solution viscosity (polymer concentration) is one of the factors that determine the
fiber size and morphology. Fong et al. observed that beads and droplets were formed for
low polymer concentration solutions which have low viscosity 2.6. The beads and droplets
are formed due to surface tension and bending instability2.6, 2.13. For solutions with high
concentration (or too viscous), the droplet dries out at the needle tip before jets can be
initiated2.13. Mckee et al. found that the diameter of the fibers tended to increase with an
increase of solution concentration which is related to solution viscosity 2.14. Thus, the
viscosity of solution is required to be in certain range to obtain fibers by electrospinning.
Fluid surface tension is also an important factor 2.2, 2.7. If the surface tension of the
solution is high, Rayleigh instability causes the solution to form droplets or beads 2.2, 2.7.
Different solvents may yield different surface tensions2.2, 2.6. Zhao et al. added ethanol to
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poly(ethylene oxide) (PEO) and polyvinyl alcohol (PVA) solutions to change the surface
tension, resulting in a decrease in beading in PEO solutions and an increase in beading in
PVA solutions due to different surface tension2.15. However, a solvent’s lower surface
tension is not necessarily always more suitable for electrospinning. Liu & Hsieh showed
that when spinning cellulose acetate, the 2:1 acetone: dimethylacetamide (DMAc)
mixture with high surface tension could produce smooth fibers2.16. Therefore, the effect
of surface tension on fiber morphology varies for different polymeric solution systems.
The electric field or applied voltage plays an important role in determining the
spinnability of a polymer solution. At low voltages or low electrical field strengths, the
electric force is not large enough to pull out the jet from the Taylor cone, which results in
the suspension of drops at the needle tip2.17. As the voltage increases, a jet will initiate
from the Taylor cone when the electric force is sufficient to overcome the surface
tension. Deitzel et al. found that the number of beads on the jets tended to increase as the
voltage increased due to diminishing of Taylor cone 2.17. The voltage is also a key factor
that affects the fiber diameter. Demir et al. found that increased voltage produced larger
diameter fibers2.18. When spinning poly(d,l-lactic acid) (PDLA)2.19 and PVA2.20 solutions,
the formation of larger diameter fibers were observed at higher voltages. However, this is
not always true. Buchko et al. concluded that the fiber diameter tended to decrease with
increased applied voltage when spinning Silk-Like Polymer with Fibronectin
functionality (SLPF) solutions2.21.
It is also important to have an appropriate gap between the needle and the
collector. This gap determines not only the electric field, but also the jet travel distance.
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Theoretically, the effect of the gap in terms of the electric field is the same as the
influence of voltage. Concerning the travel distance, Geng et al. found that a minimum
distance was required so that the viscous fibers had enough time to solidify before
reaching the collector2.22. However, there was no significant direct relationship between
the gap and fiber size/morphology when spinning poly(vinylidene fluoride) 2.15, PVA2.20
and chitosan2.23 solutions.
The flow rate may influence the fiber morphology and diameters as well. In
general, it was found fibers tended to have smaller diameters at lower flow rates, which
was shown by Zong et al. electrospun fibers from a 25 wt% PDLA solution with 1 wt%
KH2 PO4 at 20 kV2.19. Higher flow rates resulted in a larger number of beading and larger
diameter

fibers,

conclude

by

Yuan

et

al.

electrospun

polysulfone

(PSF)/

dimethylacetamide (DMAc) solutions at various flow rates2.24. This is probably because
that the fibers did not have a chance to dry prior to reaching the collector 2.24, 2.25.
Humidity is believed to be another factor in determining the fiber surface
morphology. Casper et al. found that increasing humidity caused an increase in the
number, diameter, shape, and distribution of the pores on fiber surfaces by
electrospinning polystyrene (PS)/tetrahydrofuran (THF) fibers under varying humidity
conditions2.26. However, the exact mechanism for pore formation was difficult to
determine2.26.
2.3. Silicon carbide fibers synthesized using electrospinning from polycarbosilane
The major advantage of electrospinning method is the availability to obtain small
diameter (e.g. less than 10 μm) fibers. Due to this key property, electrospinning had been
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used to prepare silicon carbide (SiC) fibers by many methods2.10, 2.28-2.29. PCS is one of
the most widely used pre-ceramic polymer to obtain SiC fibers by electrospinning
method2.10, 2.27.
Liu and Balkus Jr. synthesized silicon carbide nanofibers using concentric
electrospinning (Figure 2.2) with polycarbosilane (PCS) as the core precursor and
polystyrene (PS) as the sheath precursor2.27. In their study, high molecular weight
polystyrene and PCS were fed into the shell and core parts, respectively. The solutions
were spun into fiber sheets and cured at 200 °C under air for 24 h. The outer sheath
materials — polystyrene was then washed away in chloroform. The cured fibers were
heated at 650 °C and, then to 850 °C to obtain amorphous structures. Following heat
treatment to 1600 – 1650 °C for pyrolysis under argon resulted in crystallization of βSiC. The XRD results indicated that β-SiC, α-SiC and graphite were formed during the
pyrolysis process. The SEM images revealed that nano SiC fibers with diameters about
10 nm were formed after pyrolysis, as shown in Figure 2.3 2.27. The core-shell
eletrospinning method was utilized to reduce the fiber diameters and to control the range
of fiber diameter distribution. However, it was difficult to assemble a completely
concentric syringe. Furthermore, appropriate feeding rates were required for both core
and shell precursors, so that they would not mixed together to form inhomogeneous
fibers. Due to these disadvantages, a more achievable and controllable process is desired.
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Figure 2.2: Core-shell electrospinning system setup2.27. The
core and shell precursors were fed into the system separately.
(Printed without permission)

Figure 2.3: SEM images of the fibers after pyrolysis2.27. The
fibers have approximately 10 nm diameters.
(Printed without permission)
Shin et al. fabricated SiC fiber with diameter 1 to 3 μm using the electrospinning
of PCS (Nipusi Type A, Nippon Carbon Co., Japan) solutions, followed by thermal
curing and pyrolysis from 1000 to 1400 °C 2.10. The PCS was dissolved into mixed
solution of toluene and DMF with concentrations from 0.6 to 1.5 g/mL. DMF was mixed
with toluene with ratios of up to 50% for the subsequent spinnability study. A spinning
voltage in the range from 15 to 30 kV and a flow rate 0.5 mL/h were used. The as-spun
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fibers were subjected to thermal curing at 200 °C for 1 h under air and, then pyrolyzed at
1000-1400 °C (100 °C/h) for 1 h under an argon atmosphere2.10.
The relationship between the spinnability of the PCS solutions and the solution
compositions was shown in Figure 2.4 2.10. There were five regions in the diagram. Region
I was the film region. In this region, the low PCS concentration resulted in only films
being obtained from the collector. The second region was the particles or beads region
(Region II). This region was also caused by low PCS concentrations. The third region
was the beads/fiber transition region (Region III), in which the fibers were formed
together with beads. The fourth region (Region IV) was the one in which fibers were
obtained. In the fifth region (Region V), the viscosity was so high that jetting was
impossible. When DMF was not used in the solvent, fibers were too thick and merged
together. Increasing DMF content resulted in a wider spinnable region and a smaller fiber
diameter2.10. Without DMF in the solution, the fibers were thick and they stuck together
when they arrived at the receiving drum. However, when 5% of DMF was added, the
fibers showed significantly smaller diameters and did not stick together. Beads formed
frequently during spinning when the concentration of solution was low due to the surface
tension stemming from low viscous degree and high evaporation rates of the solvent.
When the concentration was above 1.5 g/mL, electrospinning became impossible due to
the high viscosity. With an increase in the DMF/toluene ratio, the fiber diameter of the
SiC web decreased while maintaining a uniform fiber-diameter2.10 . Figure 2.5 shows the
SEM image of PCS fibers before curing and pyrolysis eletrospun from the solution with a
1.3 g/mL concentration and 5% DMF volume ratio. The fibers had small diameter (~5
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μm) and almost no beads. In addition, the fibers had a belt-like shape.

Figure 2.4: Spinnability of PCS solution under
various concentrations and solvent volume ratio2.10.
(Printed without permission)

Figure 2.5: SEM image of PCS fibers without cured and pyrolysis electrospun
from a 1.3 g/mL concentration and 5% DMF volume ratio solution 2.10 .
(Printed without permission)
The β-SiC fibers were obtained after pyrolysis at 1400 °C. Shin et al. used the
simplest precursor solutions to synthesize SiC fibers by electrospinnin. The oxidation
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curing carried out in their work was the most controllable and achievable methods.
However, the mechanical tensile strength test and of SiC fibers its influential parameters
were not discussed. Therefore, the aim of this work is to obtain SiC fibers with tensile
strength greater than 1 GPa, and to study the influential factors.
2.4. Silicon carbide fibers obtained from other pre-ceramic polymers using
electrospinning method
Other pre-ceramic polymers are also been used as precursors to make
homogeneous solutions, followed by electrospinning and heat treatment process to obtain
SiC fibers2.28, 2.29. The following section is a brief introduction and discussion to these
methods.
Eick and Youngblood2.28 used preceramic poly(carbomethylsilane) (PCmS) as a
precursor to electrospin SiC nanofibers with diameters as low as 20 nm. The precursor
PCmS (molecular weight of 3500 g/mol) was dissolved in toluene with 5 wt%
dimethylformamide (DMF) and 5 wt% tetrabutylammonium bromide. The solution was
electrospun into fibers. The as-spun fibers were subjected to an ultraviolet (UV) lamp for
crosslinking, and then heated to 1200 °C for pyrolysis. The DMF and tetrabutyl
ammonium bromide were added to increase the electrical conductivity of the solution. In
addition, polystyrene (PS) acting as a spinning aid was added to increase the spinnability
of the solution. Transmission electron microscopy (TEM) and X-ray diffraction (XRD)
showed that the nanofibers after pyrolysis had a core-shell structure with a core of
nanocrystalline ɑ-SiC and a silica shell. The formation of silica was probably due to the
reaction with oxygen from the furnace system. Eick et al. believed that even the smallest
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amount of oxygen would make a contribution to the formation of a silica shell 2.28. Even
though Eick et al. successfully synthesized silicon carbide fibers by eletrospinning from
PCmS solutions, the mechanical property of the fibers could not be promised since it had
a core-shell structure.
Li et al.2.29 synthesized nano SiC fibers from PVP/TEOS composite fibers
obtained by electrospinning. In their study, tetraethyl orthosilicate (TEOS) and
polyvinylpyrrolidone (PVP) were added into ethanol (95%) to obtain homogeneous
solutions. The solutions were electrospun into fibers. The as-spun fibers were heat-treated
at 1600 °C for 5 hours for carbothermal reduction after being carbonized at 500 °C.
During the electrospinning process, TEOS reacted with water in air to form a SiO 2 gel
network. In the subsequent heat treatment, carbonization at 500 ºC, the decomposition of
PVP and silica gel of composite fibers occurred. The carbothermal reduction was carried
out when temperature went up to 1600 ºC, during which, the SiC nanofibers were formed.
XRD, SEM and TEM results showed that the SiC nanofibers with diameters of less than
100 nm were single crystalline and had rough surfaces which were believed to be
amorphous SiO2 coating. Although SiC nanofibers had been fabricated from TEOS/PVP
solutions, it was difficult to control the carbonthermal reduction process. The ratio of
carbon and SiO2 influence the final property of SiC greatly, a high carbon to SiO 2 ratio is
desired but it is hard to reach. Meanwhile, during the reaction, the formation of other
gases may significantly change the partial pressure which will have a great effect the
microstructures of the SiC products. Therefore, a more simple and controllable process is
desired.
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2.5. Conclusion
In this chapter, the electrospinning process and the influences of the experimental
parameters were discussed. The parameters such as the solution viscosity, surface
tension, applied electric field (or voltage), flow rate and relative humidity act
significantly in determining the fiber formation and morphology. Many methods have
been used to synthesize SiC fibers from pre-ceramic polymers by electrospinning2.10, 2.272.29

. Shin et al. utilized the most achievable and controllable methods to fabricated SiC

fibers by electrospinning of PCS solutions, followed by thermal curing and pyrolysis 2.10.
Even though many researchers have synthesized SiC fibers successfully from pre-ceramic
polymers by electrospinning, achieving SiC fibers using electrospinning of PCS has not
been systematically studied. The aim of this work is to systematically study the
fabrication of SiC fibers using the elecrospinning process.
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CHAPTER 3
THE ELECTROSPINNING OF POLYCARBOSILANE
In this chapter, a study that aimed to find the optimal electrospinning conditions
for polycarbosilane solutions is described. The possible mechanism for voids formation
on fiber surface during electrospinning process is also discussed. In previous studies,
researchers have found that polycarbosilane was soluble in a mixed solvent of toluene
and DMF and that the solution could be electrospun into fibers2.10. However, it was found
in this work that toluene was not a good solvent for electrospinning because it evaporated
too quickly, resulting in a large uncontrollable chunk at the needle tip. The chunk in turn
resulted in thick and inhomogeneous fibers. Thus, xylene was used instead of toluene in
this study because xylene has higher boiling point than toluene, and evaporates more
slowly than toluene.
3.1. Experimental procedure
Polycarbosilanes (PCS, Nabond, Shenzhen, China) were used for the precursor
synthesis. The chemical structure of the as-received PCS was detected by a ThermoNicolet Magna 550 FTIR (Thermo Fisher Scientific, Waltham, MA, 16 scans, resolution
4 cm-1, wavenumber from 4000 cm-1 to 525 cm-1). Xylene (purity 97%, Sigma Aldrich,
St. Louis, MO) was used as the solvent to dissolve PCS. N,N-dimethylformamide (DMF,
purity 99.8% Sigma Aldrich, St. Louis, MO) was added to increase the electrical
conductivity and the dielectric constant of the solution to reach spinnable solutions. PCS
was dissolved in the mixed solvent of DMF and xylene with PCS/solvent concentrations
of 1.1, 1.2 and 1.3 g/mL. For each concentration of PCS, various volume ratios ranging
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from 0% to 40% of DMF to xylene were tested to determine the best solubility of PCS
and the best solution spinnability. The mixing process was conducted in a glove box
under an argon atmosphere to ensure that the PCS did not react with oxygen before
crosslinking. The mixtures were stirred for about 24 hours at room temperature until
homogeneous solutions were obtained. The viscosity was studied for each group of
precursor solutions using a viscometer (Fungilab Inc., ADVH 200001) at spinning rate of
100 rpm.
Figure 3.1 shows the actual electrospinning setup, which consists of a positive
high voltage power supply, a negative voltage power supply, a syringe pump and a
collector. The solutions were charged into a 12 mL syringes with 22-gauge metallic
needles. In each experiment syringe was placed on a syringe pump (Syringe pump, New
Era Pump System, Inc., NE-1010). A positive, high-voltage power supply (power supply,
Glassman High Voltage, Inc. PS/FC60P02.0-11) was connected to the metallic needle. A
collector was placed a certain distance away from the needle with a controller to control
the rotation speed. The rotation rate of the collector was fixed at 200 rpm. A negative
power supply (power supply, Glassman high voltage, Inc. PS/FC60P02.0-11) was
connected to a counter electrode which was fixed on the right hand side of the collector to
guide the fibers. The voltage of the negative power supply was kept at 0.3 kV for all
spinning processes. The spinning was conducted in a box to avoid the influences of
airflow.
For each solution composition, the voltage and flow rate were adjusted to achieve
spinnable and continuous fibers. The voltages used were 5, 10, 15, and 20 kV and the
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flow rates used were 1.0, 2.0 and 3.0 mL/h, as shown in Table 3.1, to test the influence of
the flow rates and voltages on the fiber diameter. The diameter of the as-spun fibers was
measured on their width since the fibers had oval-shape cross sections. The PCS solutions
were also spun at various temperatures (23 ºC and 16 ºC) and relative humidity (25% and
34%) to investigate the factors that influence the voids formation on the fiber surface.
The fibers were spun at three conditions, they were: 23 ºC 34% humidity, 16 ºC 34%
humidity and 16 ºC 25% humidity.

Figure 3.1: The electrospinning system used. The precursors were charged in a syringe
placed on the syringe pump. A high-temperature voltage supply was connected to the
metallic needle. The collector rotated at a controllable speed. A counter electrode was
connected to the negative power supply.
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Table 3.1: The voltages and flow rates used for spinning
Voltage (kV)

Flow rate (mL/h)

5

1

2

3

10

1

2

3

15

1

2

3

20

1

2

3

To study the effect of the factors such as voltage, flow rate, temperature and
humidity on fiber morphology, the as-spun fibers were investigated by the use of
scanning electron microscopy (SEM, Hitachi S4800, Hitachi, Ltd.) after being coated for
2 min under platinum plasma. The average diameter of more than 100 as-spun fibers was
measured by using Nano Measurer software through the SEM captured pictures. In order
to further investigate the mechanism for phase separation occurred during electrospinning
process, water was titrated into a 4 mL stirring PCS solution with 1.3 g/mL concentration
and 27.7% DMF volume ratio. In this experiment, water was added gradually until the
precipitation was observed.
3.2. Results and discussion
3.2.1 The structure of PCS used in this work
Figure 3.2 shows the FTIR result of the as-received PCS used in this work. Three
major structural elements exist in PCS, they are: Si-C bonds, Si-CH2 -Si bonds and SiCH3 bonds. Of the three, Si-CH3 and Si-CH 2 -Si bonds are important due to the
relationship of oxygen control which is introduced in the subsequent curing process. C-H
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bonds and Si-H bonds are the side groups of PCS. This result is similar to Yajima’s PCS
structure1.16 (PC-TMS, PC-B3.2 and PC-470), as shown in Figure 3.3. In addition, the
molecular weight of the PCS is 837-1537 and 1500-2000, in Yajima’s work and in this
work, respectively.

Figure 3.2: The FTIR result of the as-received PCS used in this work.

Figure 3.3: The FTIR result of Yajima’s three
types of PCS (PC-TMS, PC-B3.2 and PC-470)1.16.
(Printed without permission)
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3.2.2. Spinnability of polycarbosilane solutions
Figure 3.4 shows the spinnability diagram of the PCS solution with regard to the
PCS concentrations and solvent ratios. In this diagram, ‘spinnable’ means continuous and
collectable fibers, which can be gathered on the collector with flow rate between 1 to 3
mL/h, and voltage between 5 and 20 kV. ‘Unspinnable’ means that, it is impossible to
obtain continuous fibers under above conditions. The solutions with concentrations below
1.1 g/mL were unable to spin because if the concentration was too low, there might not
be enough entangled polymer chains to form a stretchable jet. PCS could not be totally
dissolved in the solutions with concentrations above 1.3 g/mL. This phenomenon was
similar to that described in Shin’s2.10 work, in which a mixture of toluene and DMF was
used as the solvent. According to Figure 3.4, solutions without DMF were unspinnable
for any concentration. As the DMF ratio increased, solutions went from unspinnable to
spinnable. When the DMF volume percentage was greater than 40% in the DMF-xylene
mixed solvent, the PCS could not be dissolved at any concentration. This showed that
PCS’s solubility reached its limit when xylene content was low. In addition, for the
solution group with lower PCS concentrations, a higher DMF ratio was needed to obtain
spinnable fibers. Therefore, the amount of DMF played a significant role in fiber
spinning.
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Figure 3.4: The spinnability diagram of PCS under the spinning conditions of flow rate
between 1 to 3 mL/h, and voltage between 5 and 20 kV. Black square dots indicated
spinnable compositions, while red circle dots showed unspinnable compositions.
Figure 3.5 shows the SEM images of the microstructure of the fibers spun at
various DMF volume ratios. The fibers with fewer beads and a more uniform shape were
obtained as the DMF volume ratio increased. Hence, the DMF volume percentage not
only affects the fiber spinnability, but also influences the fiber microstructure.
The influence of viscosity on solution spinnability is shown in Figure 3.6. As the
viscosity increased, the fibers changed from unspinnable to spinnable until the PCS could
not be further dissolved in xylene-DMF solvent. Furthermore, the lowest viscosity
needed to obtain spinnable solutions was different for each concentration group (1.1, 1.2
and 1.3 g/mL). It can be seen that viscosity acted as an important factor in determining
fiber spinnability. Thus, a minimal PCS concentration, or solution viscosity is required
for spinnability for each solution.
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Figure 3.5: SEM images of the morphology of fibers spun at
various DMF volume ratios. (a)10% (b)22.2% (c)30%.
The fiber uniformity improves with increasing DMF content.
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Figure 3.6: The viscosity change of the DMF ratio in mixed solvent
for three different PCS concentrations. It shows that the electrospinning
requires a minimal PCS and DMF content, hence a minimal viscosity.
In order to initiate the electrospinning process, sufficient charges within solutions
are necessary, so that they can overcome the surface tension of solutions to form jets 3.1.
The free charges of solvent are responsible for the electrical conductivity of solution,
which also represent the solvent electrical conductivity3.1. DMF is a polar aprotic solvent
with very high electrical conductivity (1.09 mS/m) and high dielectric constant (38) 3.1.
The

electrical

conductivity

of

other

typical

solvents

such

as

ethanol,

dichloromethane/DMF (40/60), 1-2 dichloromethane and tetrahydrofuran/ethanol (50/50)
are 0.055, 0.505, 0.034 and 0.037 mS/m, respectively3.1. Since xylene has high boiling
point (144 °C) and evaporates slowly, it was used as the main solvent for PCS solutions.
However, the electrical conductivity of xylene is very low (< 1.0×10 -10)3.2, therefore, a
miscible solvent with higher conductivity is desired. Due to the high conductivity of
DMF, it is much easier for solutions with a higher DMF volume ratio to be drawn into
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jets under applied electrical field. In addition, the dielectric constant has a significant
effect on the fiber morphology3.3. The degree of bending instability is proportional to
dielectric constant3.3. The bending instability resulting from the repulsion of the Coulomb
force between charges on the fiber surface is believed to be the key factor to obtain very
thin and uniform jets2.2, 2.4. Higher dielectric constant allows more charges on the fiber
surface for the same voltage during spinning, which results in higher degree of bending
instability. Thus, the solutions with higher DMF volume ratios are spinnable and can
yield uniform and thin fibers.
Figure 3.7 shows the change in fiber diameter under various flow rates during the
spinning process. It was suggested that fibers tended to have larger diameters as the flow
rates increased. Furthermore, a wider fiber diameter distribution was also observed as the
flow rate increased. It was found that at flow rate below 1 mL/h, only droplets formed.
This was because, at lower flow rates, a smaller amount of solution with high surface to
volume ratio was ejected from the needle tips, as the solution was pulled faster than it
was squeezed from the needle, jets were detached to form small droplets due to the
surface tension3.4. On the other hand, at higher flow rates, a greater amount of solution
volume was ejected from the needle tip. The electric field strength was not capable of
stretching all of the solution on needle tip due to the insufficient amounts of charged ions
in solution. This caused the jet to be spun from the solution without sufficient stretching.
In this case, larger diameter fibers were formed. It had been shown in Figure 3.5 that
adding DMF could increase the conductivity of the fluid, thus resulting in a more
homogeneous diameter distribution. This effect had also been reported elsewhere2.27. In
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addition, an irregular Taylor cone was formed due to the high evaporation rate of solvent
at higher flow rate. When larger amount of solvent evaporated at higher flow rate, the
Taylor cone gradually became inhomogeneous and formed a chunk at the needle tip.
Figure 3.8 shows the process of a chunk formation near needle within 45 seconds at flow
rate 3 mL/h during spinning process. The formation of a chunk made the Taylor core
irregular. Sometimes, the chunk also blocked the needle, which prevented solutions from
being squeezed out.

Figure 3.7: The effect of different flow rate on the change
of diameter of fibers. (a) 1 mL/h, (b) 2 mL/h, (c) 3 mL/h.
Figure 3.9 shows that the chunk has the solid shell and liquid inner parts. The
fluid part of the chunk was still able to be stretched into jets, while the solid part was not.
Under this condition, the jets had a chance to be ejected from anywhere on the chunk.
The wider diameter distribution at higher flow rate was probably because of the
heterogeneous constitution of the Taylor cone. When the Taylor cone only consisted of
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fluid parts, small diameter fibers could be formed due to the low viscosity of Taylor cone.
As the solvent was evaporated, and some parts of the Taylor core became more viscous,
thicker fibers were obtained. Therefore, a wider diameter distribution occurred due to the
quick evaporation of solvent.

Figure 3.8: A process of agglomeration formation during electrospinning.

Figure 3.9: An agglomeration forms at the needle tip having a solid shell and soft
core. We theorize that this occurred to the solvent evaporating too quickly.
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Various voltages were used to spin fibers to observe the influence of voltage on
the fiber formation. When the voltage was above 20 kV, sometimes the power supply of
the syringe pump would get electric-shocked and stop working. Thus, the voltage used is
5, 10, 15 and 20 kV. When the voltage was 5 kV, the jet could not be formed for
solutions designed in this chapter due to the insufficient electric field. Figure 3.10 shows
the change in fiber diameter spun at 10, 15 and 20 kV. The diameter of fibers tended to
slightly decrease as the voltage increased. The diameter distribution did not have an
obvious change according to Figure 3.10. The diameter reduction was probably a result
of the higher electric field strength at a higher voltage. High electric field increased the
degree of fiber stretching since it increased the surface charge repulsion, which resulted
in thinner diameter.

Figure 3.10: The effect of different voltage on the fiber diameters.
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3.2.3. The morphology of as-spun fibers
Figure 3.11 shows the SEM pictures of as-spun fibers with concentrations of 1.1,
1.2 and 1.3 g/mL. It can be observed that all three types of fibers had oval-shape cross
sections, porous surfaces and dense cores. The mechanism for the formation of ovalshape fibers was probably due to the high evaporation rate of solvent. Koombhongse et
al. explained that the formation of different cross sections on ribbon-like fibers was
because of the rapid evaporation of the solvent 3.5. A thin hard skin was formed on the
surface due to the evaporation of solvent with a soft core, which led to the formation of
oval-shaped fibers. Another possible mechanism was the bending instability that
stretched and curved the fibers into belt shape3.6.
The pores had irregular and elongated shapes. The average pore size was about 60
nm in width and 200 nm in length, as shown in Figure 3.11. The pores only existed on the
fiber surface rather than penetrated the core of the fiber.
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Figure 3.11: The SEM pictures of as-spun fibers with same DMF volume ratio
but different PCS concentration: (a) 1.3 g/mL (b) 1.2 g/mL (c) 1.1 g/mL.
3.2.4. The mechanism of pores formation
The exact mechanism for pores formation is complex. The possible scenarios are
discussed in this work. Many factors such as decreased temperature, the loss of solvent,
or introduction of non-solvent can cause a solution to become thermodynamically
unstable3.7. Figure 3.12 shows SEM figures of the microstructure of the fibers spun at
various temperatures and relative humidity. The fibers had pores in all three spinning
conditions.

Figure 3.12: Morphology of a fiber spun at various temperature and moisture:
(a) 23 ºC, 34% relative humidity and 27.3 volume % DMF;
(b) 16 ºC, 34% relative humidity and 27.3 volume % DMF;
(c) 16 ºC, 25% relative humidity and 27.3 volume % DMF.
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As shown in Figure 3.12 (a) and (b), fibers spun at 16 ºC and 34% humidity
tended to have fewer pores distributed on the surface than those spun at 23 ºC and same
humidity. Figure 3.12 (b) and (c) shows that fibers spun at 16 ºC and 25% humidity
tended to have fewer pores distributed on the surface than those spun at 16 ºC and 34%
humidity.
It is generally believed that phase separation, especially the spinodal
decomposition could cause significant porosity during the polymer solution drying
process3.8. The evaporation of solvent is related to the phase separation directly3.8-3.10.
There are different phase separation mechanisms such as vapor induced phase separation,
thermally induced phase separation and immersion precipitation3.8,

3.10-3.14

. The vapor-

induced phase separation (VIPS) can be triggered by the relative humidity and the
thermally induced phase separation (TIPS) is related to the temperatures. These two
mechanisms are the possible causes for the surface porosity in this study. Immersion
precipitation means a polymer solution is immersed in a non-solvent bath, which leads to
the phase separation.
Vapor induced phase separation represents the process that a nonsolvent vapor
phase diffuses to the polymer solution to cause phase separation. There are two important
criteria for VIPS3.13, 3.14. The first one is that the non-solvent vapor needs to have good
affinity with the solvent, so that the non-solvent vapor can diffuse and penetrate the
surface3.15. The second is that the solvent need to have relatively high boiling point so
that the evaporation can be limited3.15. In this work, the solvent comprises xylene and
DMF, and the non-solvent vapor is water represented by the surrounding humidity.
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Xylene and water are insoluble to each other. However, DMF and water are miscible.
Thus, the first criterion is satisfied. Since both DMF and xylene have relatively high
boiling point (153 °C and 144 °C) and PCS is insoluble in neither DMF nor water, the
second criterion is satisfied. The possible scenario of the pores formation in this work is
that, water vapor, as the nonsolvent vapor, diffused into the jet surface. Vapor-induced
phase separation occurred when the PCS solution was exposed to the water vapor. The
water vapor that was miscible with DMF led to a diffusion of the water from the vapor
phase into the PCS solution. Meanwhile, the solvents (xylene and DMF) evaporated to
leave the PCS solution. The inward movement of water and the outward movement of
solvent led to phase separation and the formation of a surface porous polymer network.
The main driving force governing the water mass transfer from the gaseous phase to the
liquid polymer solutions was the water chemical potential in the gaseous phase (i.e.
relative humidity) indicative of a rapid diffusion in the entire solutions. Water was
miscible with the DMF, which increased its inflow from the gas phase. Figure 3.13 shows
SEM images of PS/THF fibers electrospun under various humidity done by Casper et
al.3.12. They showed that the increase of relative humidity resulted more porous fiber
structures. In this work, Figure 3.12 showed the reduction of the number of pores when
humidity changed from 34% to 25%, which agreed with Casper’s work.
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Figure 3.13 SEM images of PS/THF fibers electrospun under varying humidity:
(a) <25%, (b) 31-38%, (c) 40-45%, (d) 50-59%3.12. This indicates that
humididy plays an improtant role in determining fiber morphology.
(Printed without permission)
To understand the water vapor effect on the phase separation, a small amount of
water was titrated into the PCS solution. Water was added dropwise into 4 mL PCS
solution with a concentration 1.3 g/mL and DMF to xylene volume ratio 27.7%, stirred
with a magnetic stirrer. One droplet of water was approximately 0.05 mL. After adding
approximately 0.15 mL water droplet, the solution became opaque. Therefore, it was
hypothesized that porous fiber surface was caused by phase separation resulted from the
presence of surrounding water vapor.
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Figure 3.14: Water causes PCS solution to phase separate.
Left: PCS solution before water was added; Right: approximately
0.15 mL water caused phase separation of 4 mL PCS solution.
In some of the studies, the rapid evaporation of the solvent lowered the
temperature on the fiber surfaces when the jet was pulled out from needle, thus making
thermally induced phase separation the other possible explanation for pores formation 3.11.
Although the temperature did not change much during the whole electrospinning process,
the evaporation of solvent was able to cool the fiber surface as it travelled from the
needle to collector. When the temperature dropped at fiber surface, the solution system
favored a solvent rich region and a solvent poor region to reach a new thermodynamic
equilibrium3.11. The solvent rich regions were transformed into pores. The solvent poor
regions (polymer rich regions) solidified quickly and formed the matrix. However, this
mechanism does not seem like to occur in this work, since lower pore density was
observed at lower temperature under same humidity condition.
Another possible mechanism for phase separation was that breath figures.
Srinivasarao et al.3.15 described that breath figures occurred as a result of evaporative
cooling due to rapid solvent evaporation. The evaporation of solvent significantly
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lowered the surface temperature of the jet during electrospinnig process. As the surface
cooled, moisture in the air condensed and grew on fiber surface in the form of droplets.
As the jet dried, the water droplets remained as hard spheres on jet surface left, resulting
in porous surface structure. If the breath figure was the mechanism for pores formation,
an increase in the relative humidity would increase the number of pores. Therefore, in
this work, this mechanism is not likely to occur since lower spinning temperature gave
fibers lower pore density with the same humidity condition.
3.3. Conclusion
In this chapter, SiC fiber preforms were obtained by electrospinning from PCS.
The fiber spinnability, the spinning conditions, the microstructure of fiber preforms, and
the pore formation mechanism were studied and discussed. The PCS was dissolved in the
mixed solvent of DMF and xylene with PCS/solvent concentrations of 1.1, 1.2 and 1.3
g/mL. For each concentration of PCS, various volume ratios ranging from 0% to 40% of
DMF to xylene were tested to determine the best solubility of PCS and the best solution
spinnability. The PCS solutions were not spinnable at concentration neither below 1.1
g/mL nor above 1.3 g/mL. DMF with high conductivity and high dielectric constant
played as a significant role in determining the spinnability of precursor solutions. The
solutions with high DMF volume ratio had thin diameter and uniform shape. An increase
in voltage tended to reduce the diameter of fibers due to the high electric field strength
during the spinning process, while it had no significant influence on diameter
distribution. An increase in the flow rate increased the fiber diameter and widened the
diameter distribution due to the high evaporation rate of the solvent and heterogeneous
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constitution of Taylor cone. As observed in the SEM images, the as-spun fibers had ovalshape cross-section resulted from the solvent evaporation. The as-spun fibers had a
porous surface and a dense core structure. The porous surface was probably a result of
phase separation. The mechanism for phase separation could be attributed to the vapor
induced or thermally induced phase separation. The vapor induced phase separation
occurred when the non-solvent in the vapor phase diffused from the vapor phase to the
adjacent fiber surface before the volatile solvent evaporated .The thermally induced phase
separation occurred by the mechanisms for spinodal decomposition during which the
solution system divided into a solvent rich region and a solvent poor region at lowered
temperatures. The breath figure is also a possible reason for phase separation. However,
the fibers electrospun at lower temperature were observed lower pore density on the
surface, which contradict the thermally induced phase separation and Srinivasarao’s
theory3.15. The experiments of adding water into PCS solution confirmed that vapor
induced phase separation is likely to be the actual mechanism for pore formation.
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CHAPTER 4
THE CROSSLINKING AND PYROLYSIS OF PCS FIBERS
In this chapter, the crosslinking and pyrolysis behaviors of PCS fibers will be
discussed. PCS melts before decomposition. Thus, it cannot be directly heated up to
obtain SiC. During crosslinking, oxygen helps to bridge PCS molecules to form larger
ones. The PCS after crosslinking does not melt before decomposition 1.14, 1.18. The effect
of the temperature and the heat-treatment duration on the crosslinking of the PCS was
studied. In addition, the influence of the heat-treatment temperatures on the PCS
decomposition and fiber microstructure was also investigated.
In other people’s (e.g. Yajima and Shin) work, they used isothermal heattreatment for crosslinking PCS1.14,

2.10

. In this work, the constant heating rates for

crosslinking were used. This was because TGA of the constant heating rates was used to
characterize the reactions at different temperature regimes. To better correspond to the
TGA study, all the fibers were cross-linked under constant heating rate.
4.1. Experimental procedure
Thermogravimetric analysis (TGA 7, Perkin Elmer, Waltham, MA) was used to
investigate the effect of the curing temperature and the curing heating rate on the weight
change of PCS. The polycarbosilane powders (about 40 mg) were heated to 400 °C in
TGA at various heating rates 0.5 °C/min, 1 °C/min, 2 °C/min, or 4 °C/min under flowing
air to study the influence of the heating rate. Differential thermal analysis (DTA 7, Perkin
Elmer, Waltham, MA) was carried out at 2 °C/min to a temperature of 500 °C under
flowing air to understand the curing process. After the analysis of the data from the
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experiments described above, the as-spun fibers were heat-treated in air for thermal
curing at 0.5 °C/min to temperatures of 200 °C, 1 °C/min to 200 °C, or 0.5 °C/min to
300 °C, and then cooled to room temperature. FTIR was carried out using a ThermoNicolet Magna 550 FTIR (Thermo Fisher Scientific, Waltham, MA) to investigate the
chemical bonding structure of PCS (16 scans, resolution 4 cm-1, wavenumber from 4000
cm-1 to 525 cm-1).
The cured fibers were then heated under flowing argon to various top
temperatures (1000, 1100, 1200, 1300, 1500, or 1600 °C) for one hour at a heating rate of
100 °C/h. According to Yajima’s study, the conversion of the organic structure of PCS to
inorganic SiC started at around 900 °C1.14 . Thus, this selection of pyrolysis temperature
range helped us to study the reactions during pyrolysis process that would influence the
mechanical tensile strength of the fibers. The heating rate chosen was the same as
Yajima’s. The fiber microstructures after the pyrolysis process were characterized by the
use of scanning electron microscopy (SEM, Hitachi S4800, Hitachi, Ltd.).
4.2 Results and discussion
4.2.1. The curing effect of polycarbosilane
Figures 4.1 and 4.2 show two TGA diagrams of polycarbosilane powders as
received and cured at 200 °C. Both tests were done through a heating process of
0.5 °C/min to 1200 °C under argon. The weight loss of uncured PCS powders was around
50%, which indicated a low ceramic yield. However, when the PCS was cured at 200 °C,
a weight loss of only 14% occurred. Thus, curing could significantly improve the ceramic
yield, reduce porosity, and ultimately improve mechanical strength. The high ceramic
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yield indicated that the fibers did not decompose during heat treatment, showing greater
intra-molecular branching (such as through Si-O-Si, Si-OH, and ring structure
development) after the curing process.

Figure 4.1: Polycarbosilane powders heated to 1350 °C
under argon at a heating rate 2 °C/min. The ceramic
yield is about 50%.

Figure 4.2: Polycarbosilane powders cured in air
at 200 °C and then heated to 1350 °C under argon at a
heating rate 2 °C/min. The ceramic yield is about 18%.
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4.2.2. The curing process
The DTA trace of PCS heated under air is given in Figure 4.3. There was a strong
exothermic peak at about 220 °C, followed by a broad exothermic hump from about
260 °C to 420 °C. After 420 °C, the exothermic reaction was completed. In Figure 4.4,
the TGA results show that the PCS initially gained weight when heated in air. The weight
gain was around 7% at ~200 °C, which then peaked to 9% at ~260 °C. The weight began
to decrease at ~400 °C. For fibers heated to the same top temperature, the lowest heating
rate gave the highest weight change according to Figure 4.5. The weight gain decreased
as heating rate increased. The curves bended down when the temperature was above
300 °C, which indicated that the beginning of decomposition of the side groups in PCS
such as silicon methyl bonds, silicon hydrogen bonds and carbon hydrogen bonds. Thus,
three curing processes were chosen for the following pyrolysis study, they were:
0.5 °C/min to 200 °C, 1 °C/min to 200 °C and 0.5 °C/min to 300 °C.

Figure 4.3: DTA trace of PCS heated under air at 2 °C/min to 500 °C.
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A broad exothermic hump occurred from about 260 °C to 420 °C
due to crosslinking.

Figure 4.4: TGA of PCS heated in air at 0.5 °C/min to 400 °C.
The weight gain was increased to about 9% at 300 °C.

Figure 4.5: PCS powders cured at various heating rates
to various top temperatures under air.
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The chemical structure of PCS can be represented as shown in Figure 4.6 1.16. The
silicon atoms in PCS molecules connected to three types of atoms or groups, carbon
atoms (Si-C bonds), hydrogen atoms (Si-H bonds) and methyl groups (Si-CH3 bonds). If
assumed that the PCS were in linear molecule chains, the backbone chain consisted of
only carbon silicon bonds. The bonding structures of PCS, as received and cured at
different stages, were examined using FTIR. The results are shown in Figure 4.7. Before
curing, the strongest absorption peaks were at 1020 cm -1 (Si-CH 2 -Si) and 810 cm-1 (SiC). This was because the silicon carbon bonds were the backbone bonds. These two
peaks remained the strongest ones during the curing process until the curing temperature
reached 400 °C.

Figure 4.6: Molecular structure of PCS1.16.
At 400 °C, the Si-O (1080 cm-1) peak became the strongest one. The side groups’
bonds for as-received PCS could be clearly observed, including C-H bonds (2850 cm-1),
Si-H bonds (2100 cm-1), and Si-CH3 bonds (1250 cm-1 ). When the PCS was heated to
200 °C in air, the Si-H bonds and C-H bonds were oxidized and Si-OH and Si-O-Si
bonds began to form. Some side groups, such as Si-CH3, Si-H, and C-H bonds, could also
react with one another and release hydrogen and methane gases. Thus, the absorption
peaks of these side groups became weaker as the curing temperature increases. On the
other hand, the peaks of Si-O (1080 cm-1) and O-H bonds (3200 cm -1) appeared and
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became stronger as the curing temperature increased. At 400 °C, all the Si-H, C-H, and
Si-CH3 bonds disappeared.

Figure 4.7: FTIR spectra of (a) PCS as received, (b) PCS heated at 0.5 °C/min to 200 °C,
(c) 300 °C, and (d) 400 °C. The absorbing peaks of C-H, Si-H, Si-CH3 and Si-CH2 -Si
bonds decreased as the temperature increased due to thermal decomposition. The
intensity increased in O-H and Si-O bonds as the temperature increased indicated the
reaction of oxygen with silicon and carbon.
The FTIR results agreed well with the DTA and TGA analysis. During the curing,
oxygen initially reacted with PCS below 200 °C. The oxygen was incorporated into the
molecules, causing a weight increase. When the temperature reached about 260 °C to
300 °C, the curing process was close to completion, and there was no more weight gain.
Once the curing temperature reached 400 °C, the backbone of the PCS started to
decompose. The Si-C and Si-CH2 -Si bonds became substantially weak and the PCS
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began to lose weight. At 400 °C, Si-O became the major bond.
4.2.3. Silicon carbide fibers microstructure
Figure 4.8 shows the fibers heated to 1000 °C, 1100 °C, 1200 °C, and 1300 °C
under flowing argon after being cured at 1 °C/min to 200 °C. The surfaces of all the
fibers were porous, but the inner parts were dense. In addition, as the temperature
increased, the pores and voids on the surface became larger. Some small crystals were
formed on the surface of the fibers when they were heated to 1200 °C and 1300 °C.

2μm

2μm

(a)

(b)

4μm

2μm
(c)

(d)

Figure 4.8: Pyrolysis to (a) 1000 °C, (b) 1100 °C, (c) 1200 °C and (d) 1300 °C
after being cured at 1 °C/min to 200 °C. The surfaces of all the fibers were
porous, but the inner cores were relatively dense. As the temperature
increased, the pores and voids on the surface became larger.
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Figure 4.9 shows the fibers heated to various top temperatures (1000 °C, 1100 °C,
1200 °C, and 1300 °C) under flowing argon after being cured at 0.5 °C/min to 200 °C.
The structure of the fibers was similar to the previous group, which had a porous surface
and dense cores. The size of pores and the number of pores increased as the temperature
increased. Moreover, small crystals were observed on the surface of fibers when they
were heated to 1300 °C.
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4µm

(a)

(b)

3µm

3µm

(c)

(d)

Figure 4.9: SiC fibers pyrolysized at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C and (d)
1300 °C after curing at 0.5 °C/min to 200 °C. The surfaces of all the fibers
were porous, but the inner cores were relatively dense. As the temperature
increased, the pores and voids on the surface became larger.
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Figure 4.10 shows the fibers heated to various top temperatures (1000 °C,
1100 °C, 1200 °C, 1300 °C) under flowing argon after being cured at 0.5 °C/min to
300 °C. The structure of the fibers was similar to that of the previous two groups, which
had a porous surface and a dense core. The pores’ size and the number of pores increased
as temperature increased. However, no crystals were observed even when the fibers were
heated to 1300 °C.

3µm

3µm
(a)

(b)

3µm

3µm
(c)

(d)

Figure 4.10: SiC fibers pyrolyzed at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C and (d)
1300 °C after curing at 0.5 °C/min to 300 °C. Fibers had porous surfaces and dense
cores. The pore size increased at higher temperatures. Fibers fired at 1300 °C did
not show crystals on the surface, and were relatively dense.
Figure 4.11 shows the fibers heated to higher temperatures (1500 °C and 1600 °C)
under flowing argon after being cured at 0.5 °C/min to 300 °C. The microstructure of
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these fibers was different from that of the previous fibers, which had large crystals
formed on the surface. These large crystals on the fiber surface were SiC crystals,
according to an EDS analysis.

3µm

1µm

(a)

(b)

2µm

2µm

(c)

(d)

Figure 4.11: SiC fibers pyrolyzed at (a) and (b) 1500 °C, (c) and (d) 1600 °C
after being cured at 300 °C. Very large crystals were formed on surface.

4.2.4. The reactions during the pyrolysis process
According to the SEM images, all the fibers had porous surfaces and dense cores
structures. It had been proven by previous work that the formation of pores occurred
during electrospinning process was due to the phase separation induced through
evaporation of solution solvent. The pores on the fiber surfaces were not eliminated after
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the pyrolysis process, this was possibly due to (1) the large size of pores on the surface,
and (2) the formation of gaseous products (SiO and CO) during the pyrolysis process.
Due to the large pores size on the fiber surface, the capillary force was not enough to
close them. Furthermore, during pyrolysis, the decomposition of the glass oxycarbide
phase (Si(C, O)) occurred, which resulted in the formation of gaseous products SiO and
CO, shown as follows4.1-4.4:
SiC xOy

β-SiC (s) + SiO (g) + CO(g) + C (s)

(1)

When SiO and CO gases left the fiber solid structure, they went through the pores on the
surface, which might be another reason that hindered the surface pores’ interface motion.
It was possible that the fiber cores were porous as well when SiO and CO gases generated
and left the fibers. However, the cores of the fibers remained dense because that the pores
formed inside were relative small compared to those on the surface. Under the interfacial
capillary force, the interface motions through grain boundary diffusion, bulk diffusion, or
surface diffusion could eliminate these pores inside of fibers.
The large crystals formed on the fiber surface when the temperature went up to
1300 ºC or above were probably because of the crystal growth of β-SiC. The coarsening
of SiC crystals was due to the reaction between free carbon and SiO gases at the β-SiC
grain boundaries, shown as follows4.5, 4.6:
SiO (g) + 2C(s) = SiC (s) + CO(g)

(2)

Using extended X-ray absorption fine structure (EXAFS), NMR spectroscopy, and
additional methods, Laffon et al.4.7 concluded that β-SiC was embedded in a continuum
of tetrahedral glass oxycarbide phase (SiCxOy). In addition, Hue Quan Ly4.8 and
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Okamura4.9 concluded that free carbon was also distributed within the glass oxycarbide
phase and precipitated from this carbon-rich phase as the temperature increased. The
silica and free carbon suggested by the

29

Si and 13C NMR spectra were not reflected in

the XRD pattern, possibly due to their amorphous nature4.10. Thus, when the temperature
went to 1300 ºC or above, the decomposition of SiC xOy occurred, which formed SiO gas,
SiC crystals and free carbon. Then coarsening of SiC crystals occurred due to the reaction
between free carbon and SiO gases formed large crystals which could be seen on the fiber
surfaces.
4.3. Conclusion
The curing and pyrolysis process were studied in this chapter. The curing process
allowed PCS to have a more stable structure so that they would not melt during the
subsequent heat treatment. It was found that for the PCS received in this study, the curing
started at 200 °C, and completed at about 260 °C. The curing temperature of 400 °C was
too high, such that the Si-C main chain was seriously broken down. After curing, PCS
formed Si-O and O-H bonds accompanied by the decomposition of C-H, Si-H, Si-CH3
and Si-CH 2 -Si bonds. The intensity of the Si-O and O-H bonds increased as the
temperature increased. In addition, the influence of the heating rate and the top
temperature on the chemical structure changes during the curing process was studied. It
was shown that low heating rate gave the high weight change because more oxygen
reacted with silicon or hydrogen to form Si-O and H-O bonds. After being cured in air,
fibers were heat treated to various top temperatures (1000 °C, 1100 °C, 1200 °C, or
1300 °C). SEM images showed that the fibers had a porous surface and a dense core
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structure after the pyrolysis process. The porous surface originated from the spinning
process. Because the pores were large (e.g. tens of nanometers.), the capillary force was
not enough to eliminate these voids on the fiber surface during pyrolysis process. Another
reason might be that the decomposition of SiO xCy generated a lot of CO and SiO gases,
which hindered the interface motions on the fiber surface. Even though SiO and CO
gases formed during the pyrolysis process, the core parts of fibers were dense. This was
probably because of the capillary force driving the interface motion through bulk
diffusion, grain boundary diffusion, or surface diffusion inside of the fibers. Large
crystals formed on the fiber surface when the temperature went up to 1500 ºC or above,
because of the reaction between free carbons and SiO gas.
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CHAPTER 5
THE MECHANICAL PROPERTIES OF
ELECTROSPUN SILICON CARBIDE FIBERS
5.1. Experimental procedure
The tensile properties of SiC fibers were examined using a single filament tensile
test apparatus (Instron, Model No. 5500R1125). During each test, a single SiC fiber was
first mounted using double-sided scotch tape onto a C-card, which was subsequently
fixed and cut apart at the test apparatus. The strain rate was one mm/min. The gauge
length was 1 cm. At least 20 samples were tested for each group. Fiber diameters after
each test were characterized using SEM.
5.2. Results and conclusions
The mechanical tensile strength of SiC fibers after the pyrolysis is shown in
Figure 5.1. Of all the fibers that had been processed, a single fiber could only be picked
up from fiber bundles that were cured at 0.5 °C/min to 300 °C. This curing temperature
and curing rate offered the maximum cross-linking, according to Figure 4.5. The fibers
with a pyrolysis temperature of 1000 °C had the highest average tensile strength of 1.26
GPa. The fibers pyrolyzed at 1100 °C had an average tensile strength of 1.22 GPa. The
fibers pyrolyzed at 1200 °C had a tensile strength of 0.8 GPa, and only one test was
conducted successfully since the fibers were very fragile. The tensile strength of 1000 °C
and 1100 °C pyrolyzed fibers were close to each other. While the result of 1200 °C was
relatively low. These results are similar to Hasegawa et al.’s work1.17, in which he found
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that the tensile strength decreases as the pyrolysis temperature increased.

Figure 5.1: Tensile strength of silicon carbide fibers
heated to various top temperatures after being cured
at 0.5 °C/min to 300 °C.
A single fiber could only be picked up from fibers bundles that were cured under
air for 0.5 °C/min to 300 °C, which had the highest oxygen content compared to other
two curing conditions used in this work. This indicates that oxygen content plays an
important role in the final fibers’ tensile strength after pyrolysis. High oxygen content
resulted in high tensile strength, probably because that the fibers had low free carbon (CC bonds) content. The silicon oxycarbide phases (Si(C, O)) were formed by introducing
oxygen during the curing process. Among three curing conditions (0.5 °C/min to 200 °C,
1 °C/min to 200 °C and 0.5 °C/min to 300 °C) used in this work, the one introduced the
most oxygen had the lowest free carbons content since most of them were entrapped in
the silicon oxycarbide phase (Si(C, O))4.8, 5.1. By becoming embedded in the amorphous
glassy silicon oxycarbide phase, the free carbon was not readily exposed to oxidation5.1.
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With increasing curing time, the carbon reorganized into a network chain structure in the
silicon oxycarbide phase.5.2 Thus, longer curing times gave the fibers less free carbon
until the decomposition of silicon oxycarbide phase occurred.
This tensile strength trend with pyrolysis temperature indicated that more SiO xCy
decomposed as the temperature increased, forming free carbons, SiO gas, CO gas, and
SiC crystals. The free carbons were believed to be entrapped in the silicon oxycarbide
phase and started to precipitate as the temperature increased.4.8 Thus, the formation of
free carbons could be a factor that decreased tensile strength at high pyrolysis
temperature. In addition, SiC crystal coarsening occurred when the temperature was
increased above 1100 °C was also a reason why tensile strength decreased, which was
discussed in chapter 4. Another possible factor was the nanopores formed during
pyrolysis process due to decomposition of silicon oxycarbide phase, which could not be
observed by SEM. As a result, the fibers lose strength as the pyrolysis temperature
increases.
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CHAPTER 6
SUMMARY AND FUTURE WORK
6.1. Summary
In this work, silicon carbide fibers were synthesized by electrospinning method,
followed by curing and the pyrolysis process. The PCS was dissolved into the mixed
solvent of DMF and xylene with PCS/solvent concentrations of 1.1, 1.2 and 1.3 g/mL.
For each concentration of PCS, various volume ratios ranging from 0% to 40% of DMF
to xylene were tested to determine the best solubility of PCS and the best solution
spinnability. The spinnability of the precursor solutions was influenced by the solution
concentration and the DMF volume ratio. The fibers were unspinnable when the
concentration was above 1.3 g/mL or below 1.1 g/mL. DMF was added to increase
electrical conductivity of the solution to promote fiber formation and increase
spinnability. However, the DMF content could not exceed 30% in the solvent because the
PCS could not be dissolved in the mixed solvent.
A higher flow rate resulted in more non-uniform and larger diameter fibers.
Higher voltage tended to decrease the fiber diameters. The as-spun fibers had voids on
the surface, which was probably because of vapor induced phase separation resulting
from solvent evaporation, which was confirmed by the experiments of adding water into
PCS solution. The experiments of elecrospinning fibers under various temperature and
relative humidity showed that both temperature and humidity played important roles in
determining voids formation by influencing vapor induced phase separation.
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The fibers were heat-treated in air for thermal curing at a heating rate 0.5 °C/min
to 200 °C, 1 °C/min to 200 °C and 0.5 °C/min to 300 °C. The FTIR tests on the curing
process showed the decomposition of side groups in PCS and the formation of Si-OH and
Si-O-Si bonds. The as-spun fibers after curing process showed an increase in the ceramic
yields, as confirmed by the TGA and DTA test results. Higher curing rate gave fibers
higher oxygen content. High oxygen content resulted in high tensile strength, probably
because that the longer curing time gave the fibers less free carbon (C-C bonds) content.
The longer the curing time was, the more free carbons were entrapped in the silicon
oxycarbon phase (Si(C, O)). The fibers after pyrolysis at from 1100 to 1600 °C, had a
porous surface, because of the formation of large voids during the electrospinning
process and the SiO xCy decomposition. The decomposition generated CO and SiO gases,
leaving pores on the fiber surfaces. The fibers had a dense core structure. The highest
average tensile strength of the fibers was about 1.26 GPa. Higher pyrolysis temperatures
resulted in lower tensile strength due to the presence of free carbons that resulted from
the decomposition of SiO xC y and the coarsening of SiC crystals at temperatures above
1100 °C. The reactions between free carbons and SiO gases were believed to be the
reason of SiC coarsening.
6.2. Future work
In the future, we plan to control the voids formed on the fiber surface during the
electrospinning process by building a sealed spinning box that has a moisture and
temperature control system. In this case, we could control the moisture and temperature
to understand the phase separation to control the number of voids formed on fiber
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surface. The fibers without voids will be heat-treated to see if they still have porous
surfaces and dense cores structure. The fibers without voids on the surface will be tested
to see if the tensile strength can be improved.
We also plan to use other curing methods, such as UV light curing and electron
beam curing, to avoid introducing oxygen into the fibers. After pyrolysis, the obtained
fibers could contain only silicon and carbon elements and have high temperature stability.
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